On 20 October 2010, a heavy rainfall event occurred on Amami-Oshima Island, Japan, delivering a record 622 mm of rainfall in one day. To clarify the factors underlying this event, the supply mechanism and formation process of low-level humid air and the formation and maintenance mechanisms of the precipitation systems causing the heavy rainfall were examined using observation data, objective analysis data, and numerical simulation results. These investigations showed that low-level humid air, carried to Amami-Oshima Island during the rainfall event by strong east-northeasterly winds, originated more than 500 km to the east-northeast as low-level dry air on the northern side of a stationary front. This dry air was transformed into humid air on the way to the island by receiving large latent heat flux from the sea surface (air-parcel transformation). Warm sea surface temperatures around Amami-Oshima Island, about 2°C higher than the annual mean, contributed to this air-parcel transformation. At Amami-Oshima Island, the collision of the humid flows with a cold pool formed under earlier precipitation systems contributed significantly to the formation and maintenance of the precipitation systems, supplemented by topographic effects of the island.
Introduction
Heavy rainfall often causes serious disasters such as landslides and flash floods that lead to damage, injury, and death. To mitigate the effects of these disasters, accurate forecasts of heavy rainfall should be advanced by improving the physical process schemes of numerical weather prediction models and assimilation techniques of observation data. Moreover, it is important to clarify the factors that form and maintain heavy rainfall events.
In Japan, many heavy rainfall events occur during the Baiu season (called the Meiyu season in China), a rainy period from early May to late July in East Asia.
Numerous studies of these events (e.g., Syono et al. 1959; Ogura et al. 1985; Watanabe and Ogura 1987; Nagata and Ogura 1991; Ishihara et al. 1995; Kato 1998; Kato and Goda 2001; Kato 2006) have clarified the formation and maintenance mechanisms of heavy rainfall events during the Baiu season. However, heavy rainfall events occurring outside the Baiu season have been little studied (e.g., Seko et al. 1999; Tsuguchi and Sakakibara 2005; Hirockawa and Kato 2012) , and their formation and maintenance mechanisms are less well understood.
Low-level warm humid air is one of the most important formation and maintenance factors of heavy rainfall. Kato and Goda (2001) found that the heavy rainfall event in Japan on 4 August 1998 was caused by the transportation of low-level warm humid air around the edge of the Pacific high-pressure zone to the Baiu front. Kato et al. (2003) and Kato and Aranami (2005) showed that accurate initial condi-tions of low-level warm humid air were necessary for accurate numerical predictions of heavy rainfall. In many heavy rainfall events during the Baiu season, low-level warm humid air originates south and west of the Japanese Islands, i.e., in the northwestern Pacific Ocean and East China Sea, and is transported around the edge of the Pacific high-pressure zone to areas of heavy rainfall (Kato et al. 2003) . However, case studies are needed to examine whether this transportation process applies to heavy rainfall events outside the Baiu season.
The occurrence of heavy rainfall requires a low-level parcel of warm humid air to be lifted to the level of free convection (LFC) by an external forcing that contributes to the organization and maintenance of long-lived precipitation systems, and successive formation of moist convection. Major external forcings include low-level convergence formed by synoptic fronts (Kato 1998; Kato and Goda 2001; Kato 2006 ), upward motion due to upper-level disturbances Johnson 2008, 2009) , and updrafts and convergence induced by terrain effects (Kanada et al. 2000; Yoshizaki et al. 2000; Kato 2005 ). Many studies have examined terrain effects of isolated islands. Akaeda et al. (1991) and Chang and Yoshizaki (1991) examined terrain effects on the evolution of a squall line observed at Okinawa Island during the Baiu season and reported that the island's orographic effects, such as damming of the cold pool created by evaporative cooling beneath the cloud base, were important factors in the stagnation of the squall line. Chen et al. (1991) performed numerical modeling of precipitation systems causing heavy rainfall in northwestern Taiwan during the Taiwan Area Mesoscale Experiment (TAMEX) and found that the combination of the thermodynamic structure, the westerly wind pattern, and the height of mountains in northern Taiwan promoted and maintained these precipitation systems. Murphy and Businger (2011) simulated precipitation systems causing heavy rainfall over the mountains of Oahu Island, Hawaii, and found that lifting by the eastern slopes of the mountain range brought low-level moist air to the LFC, triggering vigorous convective development and formation of convective cells. Xu et al. (2012) investigated a long-duration mesoscale system with extremely heavy rainfall over southwestern Taiwan during the Terrain-influence Monsoon Rainfall Experiment (TiMREX) and concluded that a cold pool trapped by the topography of Taiwan helped uplift southwesterly flow from upstream, causing repeated generation of new convective cells that subsequently moved onshore.
On 20 October 2010, a heavy rainfall event occurred on Amami-Oshima Island, causing many landslides and flash floods and killing three people. Figure 1a shows the horizontal distribution of one-day accumulated rainfall amounts on 20 October (0000-2400 JST: JST = UTC + 9 hours). These data, with a horizontal resolution of 1 km, are derived from RadarRaingauge analyzed rainfall, estimated using meteorological radar and calibrated using surface rain gauge observations. Areas where accumulated rainfall exceeded 100 mm were widespread over the island, and at Naze Meteorological Observatory, the one-day accumulated rainfall amount of 622 mm broke a record (547.1 mm) that had been set on 29 May 1903. Figure 1b shows that the bulk of this rainfall occurred in a 12-hour period (0900-2100 JST). The following two questions arise for this event.
(1) Although such a rainfall amount is typical of heavy rainfall events during the Baiu season, this particular instance occurred during the autumn season; hence, how was a large amount of low-level water vapor supplied? (2) Precipitation systems stagnated over Amami-Oshima Island for a long time, causing the heavy rainfall event; hence, what were their formation and maintenance mechanisms and were these mechanisms affected by the island's terrain, i.e., with altitudes less than 700 m?
The primary purpose of this study was to determine the supply mechanism and formation process of the low-level humid air that caused the heavy rainfall. The secondary purpose was to clarify the formation and maintenance mechanisms of precipitation systems. Section 2 of this paper describes the data used in this study. Section 3 presents an overview of the heavy rainfall and the environmental fields. In Section 4, the supply mechanism and the formation process of low-level humid air are examined using observation data and objective analysis data. In Section 5, the formation mechanism of low-level humid air and the formation and maintenance mechanisms of precipitation systems are examined using numerical experiments. The last section presents a summary and conclusions.
Data and numerical model

Observation data
The data for this study comprised horizontal distributions of rainfall amounts Radar-Raingauge analyzed rainfall), surface and 500 hPa-level weather maps, and vertical profiles of observed horizontal winds, in addition to numerical data described in the following subsections.
The vertical profiles of horizontal winds were prepared from wind profiler data at Naze on Amami-Oshima Island. The wind profiler measures Doppler velocities in the lower troposphere up to about 9000 m altitude with a vertical resolution of about 300 m. Ten-minute averages of three wind components over the wind profiler station are calculated every 10 minutes from the Doppler velocities. These data are quality-checked by the Japan Meteorological Agency (JMA).
Numerical model
This study used the JMA nonhydrostatic model (JMA-NHM: Saito et al. 2006) , which is based on fully compressible equations with a map factor. Sound waves are treated explicitly in the horizontal direction and implicitly in the vertical direction. A double-moment bulk-type cloud microphysics scheme predicts the specific humidity of six water species (water vapor, cloud water, rain, cloud ice, snow, and graupel) and the number concentrations of three water species (cloud ice, snow, and graupel) (Ikawa and Saito 1991) . The turbulence closure scheme is the MellorYamada-Nakanishi-Niino level-3 scheme (Nakanishi and Niino 2006) . The surface fluxes are calculated by a bulk method, in which bulk coefficients are determined from the formula of Beljaars and Holtslag (1991) over both the sea and land. Other details of this model are described by Saito et al. (2006) .
Objective analysis data
The JMA mesoscale objective analysis data are produced by the JMA-NHM variational data assimilation system (JNoVA: NPD/JMA 2008) eight times a day (at 0000, 0300, 0600, 0900, 1200, 1500, 1800 and 2100 JST). JNoVA adopts an incremental method consisting of an inner loop model with coarse horizontal resolution (15 km) and simple physical processes as well as an outer loop model with fine horizontal resolution (5 km) and the full physical processes used in the JMA-NHM. The five-step procedure of data assimilation is described as follows.
(1) The 3-hour forecast of the outer loop model from the previous analysis data is used as a first guess. (2) The initial data of the inner loop model are produced by interpolating the first guess. (3) The inner loop model is iterated, assimilating observation data, to calculate analysis increments during a 3-hour assimilation window. (4) The analysis increments are added to the previous analysis data to obtain the current analysis data. (5) The outer loop model is performed using the current analysis data, and the 3-hour integration becomes the JMA mesoscale objective analysis data.
In this study, objective analysis data with high spatial and time resolutions were necessary for a backward-trajectory examination of low-level humid air. Therefore, using the current analysis data at 0300, 0600, 0900, and 1200 JST on 20 October 2010, the outer loop model was rerun to obtain objective analysis data at 10-minute intervals for a 9-hour period. Figure 2 shows the horizontal distributions of 3-hour accumulated rainfall amounts between 0300 and 2400 JST on 20 October. Two periods of heavy rainfall exceeding 150 mm occurred around 0600 JST and after 1200 JST. During the first period, areas with accumulated rainfall amounts exceeding 100 mm were present on the northern side of Amami-Oshima Island, although the period of heavy rainfall was short. After a brief lull, rainfall intensified on the southern side of Amami-Oshima Island, and accumulated rainfall became larger than 150 mm at 1500 JST. This study targeted the period after 1200 JST (hereafter called the target heavy rainfall).
Heavy rainfall and the environmental fields
Between 1500 and 2100 JST, areas exceeding rainfall of 150 mm almost stagnated over Amami-Oshima Island. Moreover, heavy rainfall areas were limited in the island's vicinity, which suggests possible terrain effects. After 2100 JST, heavy rainfall areas dissipated around the Island.
On the surface weather map at 0900 JST on 20 October, before the target heavy rainfall, a stationary front was oriented in an east-west direction near Amami-Oshima Island (Fig. 3a) . Typhoon Megi (1013), with a minimum sea-level pressure of 945 hPa, was southwest of Taiwan and traveling slowly northwest. This synoptic pattern suggests that lowlevel humid air was supplied to Amami-Oshima Island from the southern ocean. In the 500 hPa-level map for 0900 JST (Fig. 3b) , isolines of geopotential height (solid lines) show the presence of a trough oriented northeast-southwest over China, accounting for the west-southwesterly winds in southern Japan. At the 500 hPa-level over Naze on Amami-Oshima Island, the temperature was -6.1°C and the dew point depression was 1.1°C at 0900 JST, indicating that there was no inflow of cold dry air before the target heavy rainfall (the 500 hPa-level monthly mean temperature at Naze in October 2010 is -6.8°C). The upper-air sounding at Naze at 0900 JST showed that the LFC of rising air originating from a height of 396 m was at 648 m, and the level of neutral buoyancy (LNB) was at about 8000 m. Moreover, the convective available potential energy (CAPE) of air originating from the 950 hPa level was smaller than 100 J kg -1 . These facts indicate that the convective instability was not strong.
The equivalent potential temperature (θ e ) at a height of 500 m at 0900 JST was higher than 345 K at Amami-Oshima Island and its horizontal gradient was steep in a south-north direction (Fig. 4) . Moreover, east-northeasterly winds were predominant east of the Island. In Fig. 5 , a vertical cross section of θ e along line N-S in Fig. 4 , a surface stationary front indicated by wind convergence is located about 200 km south of the front's position on the surface weather map (Fig. 3a) . This shows that because Amami-Oshima Island was north of the surface stationary front (as judged from wind convergence), low-level humid air was not supplied from the south (see Subsections 4.1 and 5.2). Figure 6 shows the horizontal distribution of water vapor mass flux (ρ × q v × |v|, where ρ is the air density, q v is the specific humidity, and |v| is the wind speed) at a height of 500 m between 0600 and 1500 JST on 20 October. Before the target heavy rainfall was observed (0600 and 0900 JST), the water vapor mass flux east of Amami-Oshima Island was greater than 275 g m -2 s -1 . At 1200 JST when the target heavy rainfall began, it increased to greater than 350 g m -2 s -1 . This period of high water vapor mass flux continued until 1500 JST, which indicates that low-level humid air continuously flowed into the vicinity of Amami-Oshima Island from the east-northeast during the target heavy rainfall.
Analysis results
Supply of low-level humid air
The separate components of the water vapor mass flux offer clues to this process. The horizontal distribution of q v at 500 m height east of Amami-Oshima Island at 1200 JST was about 16 g kg -1 (Fig. 7a) , which was less than that seen in typical heavy rainfall events during the Baiu season (more than 18 g kg -1 ; e.g., Kato et al. 2003) . On the other hand, the wind speed upwind of the island at 500 m height was faster than 18 m s -1 (Fig. 7b) . From 0900 to 1200 JST, q v was steady but the wind speed increased in the vicinity of Amami-Oshima Island (not shown). Therefore, enhanced east-northeasterly winds from 0900 to 1200 JST delivered a large amount of water vapor to the vicinity of Amami-Oshima Island.
After 1800 JST, the east-northeasterly winds around the island weakened, and consequently the water vapor mass flux decreased to less than 250 g m -2 s -1 . This decrease may underlie the weakening and dissipation of the precipitation systems causing the target heavy rainfall. Figure 8 shows the vertical profiles of low-level horizontal winds at Naze from 0900 to 1800 JST on 20 October. Easterly winds predominated below 1500 m height for the entire period. At 500 m, easterly or northeasterly winds markedly intensified between 1030 and 1100 JST and remained steady until 1500 JST, in agreement with the objective analysis (Fig. 6) . The winds up to 1500 m had the same history. This observation is consistent with low-level strong eastnortheasterly winds supplying large amounts of water vapor to the vicinity of Amami-Oshima Island to cause the target heavy rainfall.
To clarify the origin of this low-level humid air, we conducted a backward-trajectory analysis starting from 1500 JST on 20 October using the objective analysis data available every 10 minutes. Nine parcels were placed east of Amami-Oshima Island at a height of 500 m (Fig. 9a) , and their trajectories were calculated for the previous 9 hours. The back-trajectory placed these parcels more than 500 km east-northeast of the island with less than 500 m change in altitude (Figs. 9b, c) . This result also places the source of the water vapor to the east-northeast of Amami-Oshima Island and not from the south, as suggested by the surface weather map (Fig. 3a) . Figure 10 shows that between 0600 and 1500 JST, the virtual potential temperature (θ v ) and q v of the central parcel during the backward trajectory increased almost linearly (θ v ; from 299 to 302 K, q v ; from 13.5 to 16 g kg -1 ), such that the relative humidity increased from 82 to 93 % (not shown). These changes mean that air was relatively dry and was transformed into humid air as it approached Amami-Oshima Island. Figure 11 shows the horizontal distribution of θ v at 500 m height between 0600 and 1500 JST on 20 October. Figure 12 shows the vertical cross sections of θ v along line A-B in Fig. 11 , which approximates the backward trajectories of Fig. 9a . The convective mixed layer with homogeneous θ v was well developed below 1000 m height. Whereas θ v below 1000 m at the upstream end (point B) remained steady at about 300 K from 0600 to 1500 JST, at the downstream end (point A) it increased from 300 K by more than 1 K between 0600 and 1500 JST. That is to say, the horizontal gradient of θ v along line A-B was enhanced during this 9-hour period. Sea surface temperature (SST) along line A-B was almost 28 °C, which is about 2 °C higher than the annual mean (Fig. 13) . The near-surface temperature around point B was about 23 °C (not shown); therefore, the SST was about 5 °C higher than the near-surface temperature. This suggests that an air-parcel transformation could occur as large sensible and latent heat fluxes from the sea surface could transform cold dry air into warm humid air.
Formation process of low-level humid air
We modeled such an air-parcel transformation by sensible heat flux (SHF) and latent heat flux (LHF) from the sea surface and found that SHF exceeded 40 W m -2 and LHF exceeded 300 W m -2 at all times (Fig. 14) . It should be noted that these values were higher near line A-B because the wind speed was faster, which favored the air-parcel transformation there. Around Japan, air-parcel(air-mass) transformation is a common occurrence over the Sea of Japan in winter, causing heavy snowfall on that side of the Japanese Islands. Asai (1996) showed that the annual mean LHF over the Sea of Japan in winter is about 170 W m -2 , which is about half the value in the study area. Therefore, low-level air on the upstream side (around point B) could receive substantial LHF that would cause the target heavy rainfall, whereas the SHF would have a lesser effect. Our estimate shows that the air-parcel transformation strongly affected the increase in low-level water vapor.
Numerical experiments
Formation mechanism of low-level humid air
We performed two-dimensional numerical experiments to clarify the role of air-parcel transformation on the formation of low-level humid air causing For the first experiment, named I-2D_CTL, initial conditions were taken from the vertical profile of the objective analysis data at point B at 0600 JST on 20 October, and horizontally uniform values were assigned to each vertical level. Lateral boundary conditions were open. The SST was set at 28 °C for the whole domain, which was close to the SST at line A-B in the objective analysis data (Fig. 13) . Vertical cross sections of simulated θ v in I-2D_ CTL are shown in Fig. 15a . At initialization (0600 JST), θ v had a gradient of about 3 K below 1000 m height. After 3 hours (0900 JST), the low-level θ v became higher with time, and a convective mixed layer was developed having an almost constant value of 300-301 K, except at the upstream end (point B). In the 9-hour forecast (1500 JST), θ v in the convective mixed layer was 301-302 K on the left-hand side corresponding to Amami-Oshima Island. The simulated vertical profile and time variation of θ v agreed well with the objective analysis data shown in Fig. 12 . Next a sensitivity numerical experiment named I-2D_SST-2 was conducted with SST decreased by 2 °C, a value determined from the annual mean around line A-B. The development of the convective mixed layer in I-2D_SST-2 was weaker than in I-2D_CTL (Fig. 15b) . On the left-hand side (Amami-Oshima Island), θ v in the mixed layer was about 1 K lower than in I-2D_CTL.
Time variations of the LHF averaged over the whole domain during the 9-hour integration are shown in Fig. 16 . The values of LHF in I-2D_CTL are about 1.5 times as large as those in I-2D_SST-2, independent of the integration time. This indicates that the 2 °C elevation in SST around Amami-Oshima Island over the annual mean SST was an important factor in enhancing the air-parcel transformation.
In their study of heavy rainfall episodes during the Meiyu season in China, Yamada et al. (2007a, b) showed that large SHF and LHF due to land-surface heating over the fair-weather areas south of the Meiyu front were crucial factors in the evolution and duration of heavy rainfall. This mechanism is similar to that of this study, although it involved the surface conditions on land rather than at sea. In our study area, relatively dry air north of the stationary front was transformed into humid air by large LHF from the sea surface, the same scenario usually found in the Sea of Japan in winter.
Formation and maintenance mechanisms of precipitation systems a. Supply of humid air to precipitation systems
The formation and maintenance mechanisms of the precipitation systems causing the target heavy rainfall over Amami-Oshima Island were examined with numerical experiments using JMA-NHM without a convective parameterization scheme, but a double-moment bulk-type cloud microphysics scheme. The experimental domain (Fig. 3a) consisted of 800 × 600 grid points with a horizontal resolution of 1 km and 50 vertical levels with a grid spacing varying from 40 m near the surface to 839 m at the top (at 20696 m). The time step interval was 6 seconds. Initial and boundary conditions were taken from the JMA mesoscale objective analysis data. The initial time was 0900 JST on 20 October, and boundary conditions were assigned by interpolating 3-hourly analysis data. Figure 17a shows the horizontal distribution of 12-hour (0900-2100 JST) accumulated rainfall amounts in a simulation by the JMA-NHM at 2100 JST on 20 October (CTL hereafter). The rainfall distribution and amounts in CTL agreed well with the observations (Fig. 1b) . The simulated precipitation systems over Amami-Oshima Island were similar to the radar observations (not shown). In the vertical cross section along line N-S in Fig. 17b , the cloud bases were at approximately 500 m. This suggests that humid air below 500 m was flowing into precipitation systems over Amami-Oshima Island.
A backward-trajectory analysis initiating at 1400 JST was conducted using the CTL results at 10-minute intervals, in which nine parcels in the precipitation systems at 5000 m height were traced for the previous 3 hours. The analysis (Fig. 18) shows that the parcels in the precipitation systems originated east-northeast of Amami-Oshima Island below 500 m height. Around Japan, low-level warm humid air that causes heavy rainfall during the Baiu season usually originates in the southern ocean. However, such an inflow was not found in the case of the target heavy rainfall, in which southerly winds over Amami-Oshima Island were restricted to a height above 1500 m (see Figs. 8, 18 ). The q v at 1500 m was less than 14 g kg -1 and the water vapor mass flux was less than 150 g m -2 s -1 over Amami-Oshima Island during the target heavy rainfall (not shown). These values were much smaller than those at 500 m (Figs. 6, 7a) . Water vapor around 500 m thus was the main factor causing the target heavy rainfall, and water vapor above 1500 m was secondary. Kitabatake (2008) investigated a heavy rainfall event caused by Typhoon Tokage (0423) in October 2004 and noted that conditional instability in lower-troposphere air on the cooler side of a frontal zone over the warm surface of the southern Sea of Japan could contribute to heavy rainfall along the northern coast of western Japan, on the left-hand side of the typhoon track. As similar environmental conditions were found in this study, the heavy rainfall caused by Typhoon Tokage might have the same occurrence mechanism proposed in this study.
b. Triggering mechanism for precipitation systems
For the occurrence of heavy rainfall, a triggering mechanism must bring low-level warm humid air to the LFC. The triggering mechanism behind the target heavy rainfall was analyzed using the CTL results.
The map of CTL potential temperature (θ) near the surface (Fig. 17b) shows an area of cold air (θ < 296 K) overlying Amami-Oshima Island, and the vertical cross section of this cold layer places it below a few hundred meters height under the precipitation systems, indicating the formation of a cold pool (Fig.   Fig. 18 . Backward trajectories of nine parcels from inside the precipitation systems at 5000 m height using the CTL results. (a) Horizontal projections of three-dimensional backward trajectories of each parcel. Each parcel's location is marked with circles every 1 hour. Vertical projections in (b) and (c) are south-north and east-west directions, respectively. 17c). Diabatic cooling due to the evaporation of raindrops was responsible for the formation of the cold pool. The airflow pattern in the vertical cross section shows that warmer humid east-northeasterly winds flowed over the cold pool. A back-trajectory of an air parcel along the bold line in Fig. 18 , showing its vertical distance from the originating level to the LFC (Fig. 19 ), shows that low-level air coming from eastnortheast of the precipitation systems was within 100 m of the LFC near Amami-Oshima Island and could have easily generated precipitation systems with even a weak external forcing. Therefore, the collision of this air with the cold pool, which formed during the precipitation systems that brought heavy rainfall around 0600 JST, could have caused the formation and maintenance of the precipitation systems. This mechanism is similar to one described by Chang and Yoshizaki (1991) . The rainfall amounts over Amami-Oshima Island were much larger than those in the surrounding areas (Figs. 1a, b) , suggestive of a terrain effect. Three sensitivity experiments were performed to examine this possibility. In the first experiment (Topo0), the height of Amami-Oshima Island was changed to 0 m.
The horizontal distribution of 12-hour (0900-2100 JST) accumulated rainfall amounts in Topo0 (Fig.  17d ) was similar to that in simulation CTL, and a cold pool also formed under the precipitation systems (Figs. 17e, f) . This indicates that the cold pool had a significant role in the formation and maintenance of the precipitation systems.
In the second sensitivity experiment (Amami-Cut), the topography of Amami-Oshima Island was removed and replaced by the sea surface. The resulting rainfall amounts over the place where Amami-Oshima Island was removed (Fig. 17g) were considerably smaller than those in CTL and Topo0, and no cold pool formed there (Figs. 17h, i) . In the last sensitivity experiment (Roughness-Sea), the height of Amami-Oshima Island was changed to 0 m, and the roughness of the land surface was set to the same value as that of the sea. The resulting rainfall amounts over Amami-Oshima Island (Fig. 17j ) also considerably smaller than those in CTL and Topo0, but a cold pool formed there (Figs. 17k, l) although it was considerably weaker than those in CTL and Topo0. These indicate that the friction of the land surface was more essential than the surface heat flux from the land to remain the cold pool over Amami-Oshima Island in this case. These results suggest that the cold pool was the most important factor for the formation and maintenance of the precipitation systems causing the target heavy rainfall over Amami-Oshima Island, and the topography of Amami-Oshima Island was a lesser factor. However, the earlier precipitation systems causing the target heavy rainfall originated before initial time of the JMA-NHM at 0900 JST. The initiation mechanism of the previous precipitation systems is the subject of future work.
Summary and conclusions
On 20 October 2010, record-breaking rainfall occurred on Amami-Oshima Island, south of Kyushu, Japan, at an atypical time of year, outside the Baiu season. Two periods of heavy rainfall occurred, a lesser one around 0600 JST and a greater one after 1200 JST. To clarify the contributing factors of the later episode of rainfall, the supply mechanism and formation process of low-level humid air as well as the formation and maintenance mechanisms of the precipitation systems were examined on the basis of observation data, objective analysis data, and numerical simulation results. The results are shown schematically in Fig. 20 and listed below:
• Low-level humid air was supplied to the vicinity of Amami-Oshima Island by strong east-northeasterly winds.
• The origin of the low-level humid air was more than 500 km east-northeast of Amami-Oshima Island, which was on the northern (cooler) side of a stationary front.
• The air was originally relatively dry and was transformed into humid air by receiving a large latent heat flux from the sea surface, which was about 5 °C warmer than the near-surface temperature.
• The SST around Amami-Oshima Island was about 2 °C higher than the annual mean, which contributed to this transformation. • A pool of colder air, produced under precipitation systems responsible for the heavy rainfall around 0600 JST, was the primary cause of the formation and maintenance of the precipitation systems bringing the target heavy rainfall, supplemented by the effect of the topography of Amami-Oshima Island.
Many previous studies have shown that the low-level warm humid air responsible for heavy rainfall during the Baiu season comes to the Japanese Islands from the southern ocean (northwestern Pacific Ocean and East China Sea). This study outlined a different supply process involving the transformation of relatively dry air into humid air through latent heat flux from the sea surface. Similar air-parcel (air-mass) transformation is known to affect the shores of Japan facing the Japan Sea, where it contributes to the occurrence of heavy snowfall in winter as well as heavy rainfall in other seasons. The contribution of air-parcel transformation to occurrences of heavy rainfall may be significant during the warm season and should be the subject of future study. 
